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We describe here an accelerator-based neutron irradiation facility, intended to expose blood or small animals to neutron fields mimicking those from an improvised nuclear device at relevant distances from the epicenter. Neutrons are generated by a mixed proton/deuteron beam on a thick beryllium target, generating a broad spectrum of neutron energies that match those estimated for the Hiroshima bomb at 1.5 km from ground zero. This spectrum, dominated by neutron energies between 0.2 and 9 MeV, is significantly different from the standard reactor fission spectrum, as the initial bomb spectrum changes when the neutrons are transported through air. The neutron and gamma dose rates were measured using a custom tissue-equivalent gas ionization chamber and a compensated Geiger-Mueller dosimeter, respectively. Neutron spectra were evaluated by unfolding measurements using a proton-recoil proportional counter and a liquid scintillator detector. As an illustration of the potential use of this facility we present micronucleus yields in single divided, cytokinesis-blocked human peripheral lymphocytes up to 1.5 Gy demonstrating 3-to 5-fold enhancement over equivalent X-ray doses. This facility is currently in routine use, irradiating both mice and human blood samples for evaluation of neutron-specific biodosimetry assays. Future studies will focus on dose reconstruction in realistic mixed neutron/photon fields. Ó 2015 by Radiation Research Society OVERVIEW Several scenarios of large-scale radiological events include the use of an improvised nuclear device (IND) that may produce a significant neutron component with prompt radiation exposure (1) . Specifically, the prompt radiation from this type of detonation is expected to be qualitatively similar to that of the gun-type 15 kT device exploded over Hiroshima (2) . To assess the significance of the neutron exposure in dose reconstruction for this type of scenario, and to allow characterization of novel neutron-specific biodosimetry assays, a new broad-energy neutron irradiator was designed at the Columbia University Radiological Research Accelerator Facility (RARAF) (3).
This accelerator-driven neutron irradiator provides a broad-spectrum neutron field with energies from 0.2 to 9 MeV that mimics the evaluated energy spectrum produced in the detonation of the atomic bomb at Hiroshima at 1-1.5 km distance from ground zero (2) . At this distance, both survival and radiation exposure are expected to be sufficiently high to require triage for allocation of medical efforts; based on the Hiroshima data, most survivors around this distance receive an appreciable neutron dose [up to 0.25 Gy (4)]. However, the spectrum observed at this distance is significantly different from a standard reactor spectrum due to transport in the air, and has a larger component of lowenergy neutrons. It is expected that this difference would have a significant impact on biodosimetric dose reconstruction.
The neutron field is produced by a mixed beam, composed of 5 MeV atomic and molecular ions of hydrogen and deuterium, which is used to bombard a thick beryllium (Be) target. Beryllium is a well-known neutron-producing material not only because of its high neutron yield but also because of its stability and high specific heat. This mixed beam produces a neutron spectrum, which is the sum of the spectra from the Be(p,n) 9 B reactions for all the incident ions (monatomic, diatomic and triatomic) and for energies from 5 MeV and down. In general, for monatomic 5 MeV projectiles, the 9 Be(d,n) 10 B reaction provides a spectrum with higher energy neutrons (above 1 MeV) while the 9 Be(p,n) 9 B reaction primarily yields neutrons below 1 MeV. These nuclear reactions generate a combined neutron spectrum with a wide range of energies, which can then be used to irradiate biological samples and small animals (e.g., mice) for radiobiology studies. The beam composition in the current setup is approximately a 1:2 ratio of protons to deuterons. However, for other scenarios, the spectrum shape can be modified by adjusting the ratio of protons to deuterons and the incident beam energy.
As described elsewhere (5), the neutron spectra were evaluated by making combined measurements with a proton-recoil proportional counter (6) and liquid scintillator detector (7) . The measured recoil spectra were unfolded using maximum entropy deconvolution (8) , based on Monte Carlo simulated detector response functions (9) .
The dosimetry for the irradiations was performed using a custom tissue-equivalent (TE) gas ionization chamber, placed on the sample holder wheel. This chamber measures the total dose in the mixed neutron and gamma-ray field. To evaluate the ratio of neutron and gamma doses, gamma-ray dosimetry was performed separately by replacing the ionization chamber with a compensated Geiger-Mueller dosimeter, which has a very low neutron response (10) . These measurements indicated that all neutron exposures using this spectrum are accompanied by a parasitic photon dose of about 21% of the total dose delivered.
To account for possible variations in the dose rate during radiation exposures, a second TE gas ionization chamber was placed in a fixed location on the beam axis, directly downstream of the neutron target and used as a monitor. All measurements were normalized to the signal from the monitor, which is used to determine the dose during irradiation.
In a realistic scenario it is expected that the neutron dose would be only a small fraction of the total exposure [e.g., DS02 reported only 2% neutron dose at 1.5 km from the Hiroshima epicenter (4)]. To mimic such a mixed field, a 250 kVp orthovoltage X-ray machine is located on site, which allows irradiation of samples with the necessary additional dose of photons.
To demonstrate the use of this facility, we show results from initial tests using the in vitro cytokinesis-block micronucleus assay (CBMN) (11) to measure the induction of micronuclei in peripheral human blood lymphocytes exposed to a range of neutron doses up to 1.5 Gy. The doseresponse curves generated for micronuclei frequency indicated that the relative biological effectiveness (RBE) of this neutron spectrum is between 3 and 5 compared to micronucleus yields induced by 250 kVp X rays. As expected, these values fall between those for acceleratorgenerated energetic neutrons (12) and those for a reactorbased uranium fission spectrum (12, 13) .
FORMATION OF A BROAD NEUTRON SPECTRUM
The key feature of our broad-energy neutron irradiator is its use of a mixed gas ion source, with the spectrum depending on the ratio of gases in the mixture fed into the ion source. For this work, hydrogen and deuterium were combined at a ratio of 1:2 in one of the ion source gas supply cylinders and placed in the accelerator terminal. The ionization process of the mixed gas is complicated, as it generates many different ion combinations. To identify the actual ion beam ratios and to optimize the beam current, two different values of the gas valve control voltage were tested. The selected gas input parameter (percentage of maximum valve voltage) is used to control the pressure and provide sufficient beam current. To determine the ratio of the different ion species in our beam we measured beam current at a 158 deflection as a function of the field strength of the bending magnet. Table 1 shows the fractions of the various atomic and molecular ions at two extremal pressures we can use (outside this pressure range, the beam current is too low or the ion source operation is unstable). Several ion species (e.g., D
þ and H 2 þ ) cannot be separated magnetically because their magnetic rigidity is very close. As can be seen, increasing the valve voltage from 65.2 to 76.6% changed the ion ratios slightly for the molecular ions, but not atomic ions. As the major contributions to the spectrum come from the H þ and D þ ions, which vary by less than 2% over this range, we expect the spectrum will not vary significantly over this range of ion source parameters.
Neutrons are generated as the particle beam impinges on a thick (500 lm) beryllium target. At this thickness, the 5 MeV deuterons and protons are completely stopped in the beryllium. The neutron energy spectrum obtained by this configuration was previously (3) modeled using MCNPX and more recently validated experimentally (5) . Briefly, an EJ-301 liquid-filled scintillation detector and a gas proportional counter filled with 3 atm of hydrogen were used for measuring neutron energies above and below 1.0 MeV, respectively. The combination of the two detection systems covers a wide energy range, from 0.2 to .9 MeV. The recoil pulse height spectra acquired by the detector systems were carefully evaluated using different quasi-monoenergetic neutron beams (0.2-9 MeV) available at the RARAF accelerator, discriminating the gamma-ray signals from the raw acquisition data with pulse rise time (5) .
The two portions of the spectrum (obtained from the two detectors) were combined to form a kerma-weighted total spectrum (Fig. 1) . Overall, the obtained spectrum is similar to the one evaluated for Hiroshima (2), although it is slightly flatter. A more detailed discussion of the differences between our spectrum and Hiroshima has been reported elsewhere (5) .
IRRADIATION SETUP
Due to the requirement for a mixed hydrogen/deuterium beam, the irradiation facility was set up using a nondeflected (08 angle) beam line in the RARAF (Fig. 2A) . The target assembly, shown in Fig. 2B , consists of a 2 mm thick, copper disk onto which a 500 lm thick beryllium foil was diffusion bonded. The dimensions of the copper disk were chosen so that it can be used in lieu of a standard
Since the target cooling water lines, supporting structures, shielding and other surrounding materials were observed to give about a 20% azimuthal variation in dose rate, a vertical Ferris wheel-like fixture ( Fig. 2A ) was used to rotate the sample holder tubes (for either blood or mice) around the target. Customized tubes mounting from the rods on the wheel were used to hold the samples with a constant horizontal orientation at a distance of 190 mm from the target center. The fixture rotates up to 18 samples around the beam axis. The sample holders for both mice and ex vivo irradiated blood are based on standard 50 ml conical centrifuge tubes (BD Diagnostics, Franklin Lakes, NJ), which were modified to enable horizontal hanging from rods on the wheel, so that the tubes maintain a constant horizontal orientation as the wheel rotates. This provides an isotropic irradiation, while maintaining the mice in an upright orientation, reducing stress. During irradiations, the speed of the Ferris wheel is about one rotation per 2 min and the dose rate adjusted so that the minimal dose is delivered in 10 rotations (20 min), and the sample tubes are flipped end-to-end halfway through the process so that the front and back of each sample receives equivalent doses.
For pure photon exposures, a 250 kVp Westinghouse Coronado X-ray machine, located within 15 m of the neutron irradiation facility, was used. This proximity allows for future mixed field studies, where each sample may be immediately transported to the X-ray machine and irradiated after neutron exposure, with a time gap between the two irradiations of less than 5 min.
NEUTRON DOSIMETRY
The total dose measurement for the IND-like neutron/ gamma mixed field irradiations was performed using a custom A-150 muscle tissue-equivalent (TE) gas ionization chamber (Fig. 3) , as described by Rossi et al. (14) . This chamber is intended for use in a mixed neutron-and gamma-field measurement and features an interchangeable internal TE plastic sleeve. In the dosimetry measurements reported here, we used a 3.5 mm thick sleeve to model the dose deposited at the center of the blood samples used. The chamber was filled with methane TE gas at ;700 mm Hg before dosimetry measurement and sealed. The detector was then attached directly to an electrometer system and calibrated using a 50 mg 226 Ra gamma-ray source, which had been previously calibrated by the National Institute of Standards and Technology. The dose rate was ;36 lGy/h at 1 m from the source. After calibration, the dosimeter was mounted on the sample wheel for the IND-like neutron irradiator and centered at 608 with respect to the ion beam axis and 190 mm away from the target.
To extract the dose due to neutrons, gamma-ray dosimetry was performed separately with a compensated Geiger-Mueller dosimeter, which has a neutron sensitivity of 1.5% for 15 MeV neutrons and a fraction of a percent at lower energies (10, 15) . The gamma-ray dosimetry was conducted in the same manner as the total dose measurement and then subtracted from the latter. Since the gamma-ray dose from the target is essentially isotropic, only inverse square law corrections were performed.
The neutron dose rate at the sample position was ;8.6 3 10 À2 Gy/h/lA, representing ;79% of the total dose rate, with the remaining 21% due to c rays. During the irradiation, the beam current was tuned to and kept at about 17.5 lA, which is equal to a neutron dose rate of ;1.5 Gy/h.
Because of the possible variation of the dose rate relative to the beam current, a second TE gas ionization chamber was added as a monitor at a fixed location downstream of 
FIG. 1.
A comparison of the kerma-weighted neutron spectrum generated by the authors for this study (hashed) with the one at 1.5 km from Hiroshima ground zero (gray) (2).
the neutron target at an angle of ;128 relative to the ion beam direction. The monitor ionization chamber was filled with flowing TE gas, which was regulated with a constantdensity control system.
The incident primary particle beam current was recorded with an electrometer coupled to the end of the beam line, which is a Faraday cup-like isolated beam pipe with the target at the end. 
SIMULATING IND NEUTRON EXPOSURES

MICRONUCLEUS ASSAY ANALYSIS
Micronucleus formation in peripheral blood lymphocytes is a well-established marker of ionizing radiation-induced DNA damage. We have used a recently established cytokinesis-block micronucleus (CBMN) assay protocol by Fenech (11) for accelerated sample processing by performing a miniaturized version of the assay in a 96-well plate system (16) .
Peripheral blood samples were collected from three healthy donors after informed consent (IRB protocol no. AAAF2671) and exposed (3 ml aliquots) to nominal neutron doses of approximately 0.25, 0.5, 1 and 1.5 Gy (plus the concomitant 0.06, 0.1, 0.2 and 0.3 Gy of gamma rays). Separate blood sample aliquots were also exposed to 1, 2 and 4 Gy of 250 kVp X rays.
During irradiation, between 3 and 12 tubes were placed in adjacent positions on the irradiation wheel. To ensure a uniform scatter dose, 4 tubes containing water samples were placed on the wheel, two at either end of the string of blood samples. Approximately 2 h postirradiation, triplicate blood sample aliquots (50 ll) from each dose point were placed into culture in 1.0 ml Matrix 2D-barcoded storage tubes (Thermo Fisher Scientific, Waltham, MA) with 500 ll of PB-MAXe Karyotyping media (Life Technologies, Grand Island, NY). After 44 h of incubation, cytochalasin B (Sigma-Aldrich LLC, St. Louis, MO) was added at a final concentration of 6 lg/ ml to inhibit cell cytokinesis and the tubes were returned to the incubator. After a total incubation period of 72 h, the cells were harvested. After hypotonic treatment the cells were fixed with ice-cold fixative (4:1 methanol:-acetic acid). The fixed samples were stored at 48C (at least overnight), dropped on slides and stained with Vectashieldt mounting media containing DAPI (Vector Laboratories, Burlingame, CA). The slides were imaged using a Zeiss fluorescence microscope (Axioplan 2; Carl Zeiss MicroImaging Inc., Thornwood, NY) with a motorized stage and a 103 air objective. Quantification of lymphocyte micronuclei yields was performed by automatic scanning and analysis with the MetaferMN Score software (MetaSystems, Althaussen, Germany). Between 1,800 and 6,000 binucleate cells were analyzed for each data point. Figure 4A shows the comparison of the micronucleus yields for lymphocytes exposed to different neutron or Xray doses. Overall, a dose-dependent increase in micronuclei yields was observed with increasing dose with both radiation fields, with the yields induced by the X rays following a linear-quadratic behavior with dose and the neutron data following a linear trend.
As explained above, the neutron data are actually induced by a mixed neutron/photon field. The dashed line shown in Fig. 4A illustrates what we would expect from a pure neutron irradiation. This estimate was obtained by calculating excess micronucleus yields over controls from the photon component (21% of the total dose) based on the linear-quadratic fit to the X-ray data. This value was then subtracted from the mixed field yields at the same total dose. The resultant difference corresponds to the micronuclei yields that would be seen in a pure neutron irradiation. 
RELATIVE BIOLOGICAL EFFECTIVENESS CALCULATIONS
The potential biological effects and damage caused by radiation depend not only on the radiation dose received but also on the type of radiation. RBE was introduced to normalize the radiobiological effects caused by different types of radiation. In this work, we define RBE as the ratio of photon dose (250 kVp X rays) to the dose of the radiation field of interest (neutrons), providing the same biological effect (17) . The biological effects caused by neutrons vary with energy and produce greater damage than X or gamma rays. In general, for the same dose, neutrons are much more effective in damaging cells because neutron-induced secondary particles, e.g., low-energy protons, have high-LET (linear energy transfer) and photon-induced particles are electrons having low LET.
The RBE for the mixed field irradiation (neutrons þ gamma rays; Fig. 4B ) was calculated from the linear and linear-quadratic regression curves, fitted to the neutron and X-ray data, respectively, by solving for the X-ray dose that would give the same micronucleus yield as a given dose of the mixed neutron/gamma-ray field. The pure neutron RBE will be slightly higher than the RBE value of the mixed field. This was evaluated in the same way from the dashed line shown in Fig. 4A . Figure 4B shows the limiting RBE value of 4 is higher than the value of 2.5 reported for 6 MeV monoenergetic neutrons (12) but lower than the value of 6 calculated for a reactor fission spectrum (13) , in accordance with what we would expect, based on the neutron energies.
SUMMARY
An accelerator-based, broad-energy-range neutron irradiator has been constructed at RARAF. A mixed beam of atomic and molecular deuterons and protons, accelerated to 5 MeV, impinges on a thick beryllium target and the resultant neutron spectrum is the sum of the spectra from the 9 Be(d,n) 10 B reaction (higher energy neutrons) and the 9 Be(p,n) 9 B reaction (lower energy neutrons). The neutron energy spectrum is manipulated by adjusting the ratio of protons and deuterons, as well as the beam energy, to mimic the neutron spectra from an IND exposure for medical triage and biodosimetry studies. Specifically, it mimics the Hiroshima gun-type bomb spectrum at a relevant distance from the epicenter (1-1.5 km) and is significantly different from a standard reactor fission spectrum because the bomb spectrum changes as the neutrons are transported through air. The neutron spectrum of this irradiator was measured and is verified as comparable to the Hiroshima bomb spectrum at 1.5 km. About 79% of the radiation dose is delivered by neutrons and the remaining dose deliver dose by gamma rays. A comparison of the biological effect of neutron and X-ray exposure on micronuclei yields in peripheral lymphocytes demonstrated that the IND-spectrum irradiator described above yields RBE values within the expected range.
The RBE measurements described here have demonstrated the operation of the novel neutron irradiation facility we have developed. Ongoing experiments at the RARAF INDneutron irradiation facility focus on dose reconstruction in mixed neutron/photon radiation fields using various cytogenetic end points. Additional experiments, using metabolomic and transcriptomic end points, are aimed at a more basic understanding of the underlying pathways activated after neutron irradiation. 
